has been published on total antioxidant status and capacity (T-AOC), glutathione peroxidase (GSH-Px), and total superoxide dismutase (T-SOD) activities, which reflect antioxidant status based on DDGS diets.
Widmer et al. [2] reported that feeding 20% DDGS to swine had minimal effects on meat quality, with the exception of decreased belly firmness, an indicator of decreased bacon quality and an increased percentage of polyunsaturated fatty acids (PUFA) in the meat. More work is needed to determine the effects of dietary DDGS concentrations on broiler meat quality and antioxidant status. The objective of this study was to evaluate the effects of DDGS diets on meat quality and antioxidant parameters of the breast meat and liver.
MATERIALS AND METHODS

Treatments
Six dietary treatments that differed in the percentage of DDGS were used in this study. Diets were based primarily on corn, soybean meal, and fish meal and contained 0, 5, 10, 15, 20, and 25% DDGS. Diets were formulated to meet or exceed NRC [3] nutrient recommendations. Diets were offered in 2 feeding phases, starter and grower, from 0 to 21 d and 21 to 42 d of age. Table 1 displays only the ingredient and nutrient composition of the diets containing the lowest (0% DDGS) and highest DDGS (25%). The remaining experimental diets were made by blending in the DDGS at various proportions to generate the 5, 10, 15, and 20% DDGS diets.
Bird Husbandry
A total of 720 Cobb 48 [4] male broiler chicks were obtained from a commercial hatchery and distributed equally across 24 pens so that each treatment was replicated 4 times, with 30 broilers each. Chicks were vaccinated for Marek's disease, Newcastle disease, and infectious bronchitis. Birds consumed feed and water on an ad libitum basis, and experimental diets were provided in crumble form. For the first 3 d posthatching, a 23L:1D lighting schedule was provided. The lighting time was then reduced by 2 h/wk until a photoperiod of 8 h of light/d was reached. Thereafter, it followed a continuous schedule, with lighting intensities of 30 lx from 0 to 7 d of age, 10 lx from 7 to 22 d of age, and 3 lx from 22 to 42 d of age. At 1 d of age, the temperature was set at 33°C; it was then reduced by 3°C/wk until reaching 20°C. All birds were handled in accordance with methods approved by the Animal Care and Use Committee of Northwest A & F University, Yangling, China.
Sample Preparation
At 42 d of age, 8 broilers from each of 6 treatments within 4 replications (total of 48 Cobb birds per treatment) were randomly selected for slaughter. The broilers were slaughtered and the breast and thigh were removed. One-half of the carcass was used for meat quality measurements (pH, color, drip loss, cooking loss, and shear force), and the other half of the carcass and the liver were frozen and stored in labeled resealable zipper storage bags at −70°C until proximate analysis, lipid peroxidation, and antioxidant tests could be performed.
pH Measurements
A pH meter [5] was used to measure the pH of 2 broilers from each treatment per replication (total of 48 samples) at 15 min (pH 15min ) by inserting a pH probe 2.5 cm below the pectoralis muscle at approximately 2.5 cm from the top of the breast and 2.5 cm from the breast bone. At 24 h postmortem, ultimate pH (pH 24h ) measurements for each sample were taken using the same pH meter in the same anatomical location as the pH 15min measurements.
Color Measurements
Instrumental color measurements were taken for each breast (right side) within each treatment by using a chromameter [6] that was calibrated using a standard white calibration plate. Three measurements were taken at 3 identical locations for each breast on the medial portion of the pectoralis muscle. The color for each sample was expressed in terms of values for lightness (L*), redness (a*), and yellowness (b*). A white tile (L*, 96.22; a*, 6.03; b*, 15.06) was used as the standard.
Water-Holding Capacity
Pectoralis major samples were weighed to determine drip loss, which was expressed as a percentage of the initial muscle weight. The drip loss of fresh meat samples was measured within 30 min of removal from the muscle. Samples were suspended, using fine thread, in a 10-mL plastic preservation bag with the thread in a vertical direction. The bags were preserved at 4°C for 24 h.
Cooking Loss
Pectoralis major samples were stored at 4°C overnight. The thawed breasts were weighed and cooked to an internal temperature of 80°C on a digital thermostat water bath [7] until the temperature of the meat center reached 70°C, after which the breasts were cooled for 30 min. Cooking loss was reported as a percentage and was calculated as (initial weight − final weight)/ (initial weight) × 100.
Measurement of Shear Force
The breast muscles were refrigerated overnight at 4°C in the refrigerator and then brought to room temperature before cooking. The breast muscle and leg muscle from each bird were cooked to an internal temperature of 70°C on a digital thermostat water bath [7] . The end point internal temperature was monitored with a thermometer. The cooked muscle was cooled to room temperature. Slices of 1 × 1 cm (thickness × width) were cut perpendicularly to the fiber orientation of the muscle. Samples were sheared using a Warner-Bratzler apparatus (C-LM3B) [8] , which was attached to a 50-kg load cell, and tests were performed at a crosshead speed of 200 mm/min.
Fatty Acid Profile
Fatty acid profiles were conducted on broiler breast and thigh meat samples from each of the treatments. Fatty acid composition was determined by gas-liquid chromatography [9] .
Biochemical Determinations
Frozen tissue was homogenized, and the homogenate was centrifuged at 400 × g for 10 min at 4°C; the supernatant was stored at −70°C until analysis. The activities of T-AOC, T-SOD, and GSH-Px and the contents of malondialdehyde (MDA) were assayed spectrophotometrically using colorimetric methods [10] . The assays were conducted using assay kits [11] and their accompanying procedures. All samples were measured in triplicate, at the appropriate dilutions, to give activities of the enzymes in the linear range of standard curves constructed with pure enzymes. The protein content of supernatants was determined using a Coomassie Brilliant Blue kit [11] assay with BSA as the standard.
Statistical Analysis
All statistical analyses were computed using the ANOVA procedures of SAS software [12] . A software program using Duncan's multiple range tests to compare treatment means was applied. A value of P < 0.05 was considered statistically significant. The replicate was considered the experimental unit for carcass determination.
The experimental unit was the bird for the other parameters. The numbers used for statistics are noted in the tables.
RESULTS AND DISCUSSION
pH and Color
At pH 15min and pH 24h , the mean pH of breast meat did not differ (P > 0.05) between broilers fed DDGS and the control diet ( Table 2 ). This result agrees with those of Hongtrakul [13] for broilers and Adamski et al. [14] for Pekin ducks. However, the results do not agree with those of Schilling et al. [1] , who reported that feeding 12 to 24% DDGS resulted in higher (P < 0.05) average pH 24h than feeding the control treatment and the 6% DDGS treatment. In addition, neither treatment had a significant incidence of pH 15min values below 6.0. It has been found that pH 15min is a potential indicator that meat may exhibit poor quality characteristics because rapid postmortem pH decline can lead to protein denaturation that may result in a pale color and low water-holding capacity [15] .
Meat color is one of the indicators of meat quality. As shown in Table 2 , no differences (P > 0.05) were observed in L* and a* (lightness and redness), in agreement with the results of Schilling et al. [1] . However, there was a strong impact (P < 0.01) on b* (yellowness) between Means within a column without a common superscript differ significantly (P < 0.05). 1 Values are means of 8 birds per treatment. pH 15min = pH at 15 min; pH 24h = pH at 24 h (ultimate pH); L* = lightness; a* = redness; b* = yellowness; WHC = water-holding capacity. 2 Drip loss and cooking loss were measured after 24 h. breast fillets of birds fed the DDGS and control diets. Moreover, feeding more than 20% DDGS resulted in higher b* values of breast fillets, which may be related to the higher pigment contents in DDGS. The results from the present study do not agree with those of Schilling et al. [1] .
Drip Loss, Cooking Loss, and Shear Force
Drip loss and cooking loss indexes are shown in Table 2 . No difference (P > 0.05) in drip loss was observed between birds fed the DDGS and control diets. However, a significant decrease (P < 0.05) in cooking loss was observed with the addition of a higher level of DDGS. This does not agree with the results of Schilling et al. [1] .
As shown in Table 2 , a significant difference (P < 0.05) existed among birds fed the DDGS and control treatments with respect to shear force. With the addition of DDGS, shear force increased almost 2-fold compared with that of the control group. Generally, tender (<30 N) meat is acceptable to consumers [16, 17] . In the present study, birds fed the diet with 25% DDGS showed greater shear force (42.32 N). Therefore, higher dietary DDGS levels (in excess of 25%) led to poor meat tenderness.
Lipid Peroxidation
Lipid peroxidation, determined as the concentration of MDA in the breast muscle and liver, is shown in Figures 1 and 2 . The extent of lipid peroxidation by reactive oxygen species can be monitored by MDA levels [18] . In the present study, the MDA production of breast muscle was not affected (P > 0.05) by dietary DDGS levels. However, breast MDA production showed an increasing trend when dietary DDGS levels were higher than 10%. Liver MDA production was significantly increased (P < 0.05) by dietary DDGS levels. Schilling et al. [1] demonstrated that the TBA-reactive substance values were greater for the 18 and 24% DDGS treatments at d 5 when compared with the control and 6% DDGS treatments, which indicates increased oxidation. In the present study, MDA in breast muscle showed a trend in agreement with that study, but not significantly different. Results of the current study are different from those of Xu et al. [19] , who reported that liver muscle TBA was not affected by DDGS levels. There have been few reports on liver tissue MDA content.
Fatty Acid Profile
As shown in Table 3 , 5 out of 23 fatty acids that were detected in broiler breast meat differed (P < 0.05) in proportion among the DDGS treatments. Breast meat from the control treatment had a higher (P < 0.05) concentration of C16:1 than did breast meat from the 25% DDGS treat- ment. No significant difference in linoleic acid (C18:2) was observed between the control and DDGS treatments. The addition of DDGS had a significant effect on C24:0, C16:1, C20:3, C20:5, and C22:6 (P < 0.05). In addition, the 10, 15, and 20% DDGS levels showed a higher proportion of C20:5 than did the control treatment or the other treatments. The results of the current study do not agree with those of Schilling et al. [1] . No significant difference was found in saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and PUFA (P > 0.05); however, the PUFA:SFA ratio was significantly different (P > 0.05). Feeding DDGS significantly increased the PUFA:SFA ratio.
As shown in Table 4 , 8 out of 23 fatty acids that were detected in broiler thighs differed (P < 0.05) in proportion among DDGS treatments. The addition of DDGS had a significant effect on C14:0, C18:0, C20:0, C14:1, C16:1, C20:1, C24:1, and C20:5 (P < 0.05). In addition, the 10, 15, and 20% DDGS levels showed a higher proportion of C20:5 than did the control and other treatments. No significant difference was found in MUFA and PUFA (P > 0.05); however, the PUFA:SFA ratio was significantly different (P > 0.05). Feeding DDGS significantly increased the PUFA:SFA ratio. The proportion of PUFA had a tendency to increase as the percentage of DDGS increased. Fatty acid composition of the feed was the most important determinant of the fatty acid composition in the resulting broiler breast and thigh meat [20] . Therefore, increasing the DDGS concentration will affect the fatty Means in the same column not sharing a common superscript are significantly different (P < 0.05).
acid composition owing to the change in the PUFA:SFA ratio. Table 5 shows the biochemical indices in the breast muscle and liver of male broilers. Total antioxidant capability is an index used to estimate the function of the antioxidant system, whereas MDA is the final product of lipid peroxides and is used to assess lipid peroxidation [21, 22] .
Biochemical Analyses
Very little research has been conducted on the effect of DDGS on the antioxidant status in broilers. In breast meat in the present study, no differences (P > 0.05) were observed in the activities of T-AOC and GSH-Px; however, GSH-Px activity tended to decline with an increase in the level of dietary DDGS. These results are not in agreement with those of Shalash et al. [23] , who demonstrated that feeding diets with DDGS significantly decreased the plasma antioxidant capacity by 56.11% compared with that of control birds; however, T-SOD activity decreased significantly between the control diet and the DDGS diets (P < 0.05). In the liver, T-AOC activity was not affected by DDGS level (P > 0.05). The T-SOD activity decreased with the addition of DDGS to the diets (P < 0.01); however, GSH-Px activity was higher in the diets with 15% DDGS (P < 0.01). In the present study, the addition of 15% DDGS resulted in a good antioxidant status in male broilers by elevating the activity of antioxidant enzymes. An explanation for the decrease in breast and liver antioxidant capacity in broilers fed DDGS was suggested by Corzo et al. [24] , who found by TBA-reactive substance testing that the thigh Means in the same column not sharing a common superscript are significantly different (P < 0.05).
meat of broilers fed 8% DDGS was slightly more susceptible to oxidation than the thigh meat of broilers fed the control diet. In addition, Lancaster et al. [25] considered that a greater inclusion rate of DDGS may adversely affect consumer acceptance of beef, which could be attributed to the level of PUFA because increasing PUFA increased the potential for oxidation. Means within a column without a common superscript differ significantly (P < 0.05).
